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Abstract We report the observation of the steering
of 855 MeV electrons by bent silicon and germanium
crystals at the MAinzer MIkrotron. 15 µm long crys-
tals, bent along (111) planes, were exploited to inves-
tigate orientational coherent effects. By using a piezo-
actuated mechanical holder, which allowed to remotely
change the crystal curvature, it was possible to study
the steering capability of planar channeling and volume
reflection vs. the curvature radius and the atomic num-
ber, Z. For silicon, the channeling efficiency exceeds 35
%, a record for negatively charged particles. This was
possible due to the realization of a crystal with a thick-
ness of the order of the dechanneling length. On the
other hand, for germanium the efficiency is slightly be-
low 10 % due to the stronger contribution of multiple
scattering for a higher-Z material. Nevertheless this is
the first evidence of negative beam steering by planar
channeling in a Ge crystal. Having determined for the
first time the dechanneling length, one may design a Ge
crystal based on such knowledge providing nearly the
same channeling efficiency of silicon. The presented re-
sults are relevant for crystal-based beam manipulation
as well as for the generation of e.m. radiation in bent
and periodically bent crystals.
Keywords channeling · volume reflection · bent
crystal · accelerator
PACS 61.85.+p · 29.27.Eg · 29.20.-c
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1 Introduction
Beam steering based on the coherent interaction of charged
particle beams with bent crystals found several applica-
tions in accelerator physics. In particular, crystal-based
beam collimation and extraction were successfully in-
vestigated at several accelerator machines, such as U70,
SPS, RHIC, Tevatron and LHC [1,2,3,4,5,6,7]. The
main idea of crystal-assisted beam steering, firstly pro-
posed by Tsyganov in 1976 [8], relies on planar channel-
ing [9], holding a charged particle in a potential well (see
Fig. 1) formed by the electric field of two neighboring
atomic planes. If a crystal is bent, charged beam will be
steered since its trajectory is confined under channeling
conditions along bent crystal planes. Another coherent
effect in a bent crystal, i.e., the so-called volume re-
flection (VR) [10], consists of the reversal of charged
particle momentum by the potential barrier of a bent
crystal plane. Fig. 1 displays the potential energy of the
bent (111) plane Si (left) and Ge (right) crystals. The
figure also shows the potential well in which a channeled
particle is captured (marked as CH ), while the red line
with a double arrow depicts the reflection of particle
momentum under VR. Through VR, charged particles
are deflected to a smaller bending angle with respect to
channeling, however this method provides a consider-
ably larger and adjustable angular acceptance, equal to
the crystal curvature, and higher deflection efficiency.
Over the years, positive particle beam steering has
been well investigated in a wide range of energies, from
few MeV up to the recent result at LHC with 6.5 TeV
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Fig. 1 Interplanar potential of (111) Si and Ge crystals for maximal bending radii (4.76 cm and 1.83 cm respectively) used
in the experiments.
protons. Conversely, the negatively charged particle case
has been poorly investigated and only recently, thanks
to the realization of very short bent Si crystals, it has
become possible to steer negatively charged particles
beams [11,12,13,14,15,16,17,18,19,20,21]. However, the
possibility to steer electron beams is promising for ap-
plications in electron-positron collider collimation sys-
tems [13,22,23,24,25] as well as innovative high-intensity
X- or γ-radiation sources [11,12,13,14,26].
Usually, silicon is selected as prime material for the
fabrication of bent crystals due to its high-quality crys-
talline lattice and low cost. Nevertheless, other mate-
rials, like germanium, which provides a higher atomic
number, Z, than silicon and can be also realized with a
similar perfection, deserve investigation. Indeed, since a
Ge crystal provides a stronger potential, one expects an
increase in the angular acceptance for channeling and
an enhancement of e.m. radiation emission. Currently, a
few channeling experiments have been performed with
bent Ge, only with positively charged particles and only
in the hundreds GeV energy range [27,28,29,30], while
with electrons and at lower energies there are no data in
literature due to the technical difficulties of fabrication
of an ultra-short bent Ge crystal.
In this paper, we present an investigation on sub-
GeV electron steering by both silicon and germanium
bent crystals under channeling and VR. With the aim
of determining the different behavior of these effects vs.
the atomic number Z, two 15 µm Si and Ge crystals,
bent along the (111) planes, were selected and an exper-
iment was performed at the Mainz Mikrotron (MAMI)
with 855 MeV electrons. We also investigated the de-
pendence of the channeling efficiency and of the dechan-
neling length, which is the main parameter for planar
channeling, on the crystal curvature for the first time
with electrons and absolutely for the first time with a
germanium crystal.
2 Theory of channeling, dechanneling and
volume reflection
For better understanding of this paper, we herewith
provide a brief summary of orientational coherent phe-
nomena in a bent crystal.
Planar channeling consists in the confinement of a
charged particle trajectory by the electric field of crystal
planes, when the particle transverse energy is smaller
than the interplanar potential barrier (see Fig. 1, where
the model of Doyle-Terner potential [31] is applied),
described as
Ueff (x) = U(x) + pvx/R, (1)
where U(x) is the interplanar potential for a straight
crystal, p and v the particle momentum and velocity
respectively, and R the bending radius. Channeling may
occur when the particle trajectory is nearly parallel to
the crystal planes, more precisely for an incidence angle
smaller than the Lindhard angle [9] defined as
θL =
√
2U0
pv
, (2)
U0 being the potential well depth of a straight crystal.
For 855 MeV electrons at MAMI channeled in the (111)
planes one obtains the following values of the Lindhard
angle: θL,Si = 232 µrad and θL,Ge = 274 µrad, for Si
and Ge, respectively.
If the crystal is bent, the well depth and the Lind-
hard angle decrease with R, going to zero for the critical
radius:
Rcr =
pv
E0
, (3)
3where E0 is the maximal value of the interplanar elec-
tric field. For R ≤ Rcr channeling is forbidden. In case
of 855 MeV electrons moving in the field of (111) planes,
the critical radius is Rcr,Si = 1.59 mm and Rcr,Ge = 1
mm for Si and Ge, respectively.
Channeling proved to be an efficient way to steer
positive particle beams, achieving deflection efficiencies
larger than 80 %. On the other hand, the maximal de-
flection efficiency for electrons recorded in the litera-
ture slightly exceeds 20 % [15] and is about 30 % for
negative pions [32]. The main source of inefficiency is
dechanneling, which consists in particles escaping from
the channeling mode caused by Coulomb scattering on
atoms [33,34,35].The process of dechanneling is deter-
mined by the dechanneling length, which is the mean
free path of a channeled particle before its transverse
energy becomes larger than the potential barrier, thus
escaping from the channeling condition (CH in Fig. 1).
Electron dechanneling lenght has already been experi-
mentally measured with Si straight [36,37,38] and bent
[15,16,17,18] crystals. In contrast to positrons, elec-
trons dechannel faster [15,16,17,18,33,34,35]. Indeed,
negatively charged channeled particles oscillate around
atomic planes, thereby being more subject to the strong
scattering with lattice nuclei.
The dechanneling length Ldech is usually defined
[33] according to the dependence of the channeling frac-
tion population fch on the penetration depth z
fch = A0 exp(−z/Ldech), (4)
where A0 is the normalizing factor. Both the dechan-
neling lenght and exponential channeling fraction decay
were introduced by Kumakhov to describe the dechan-
neling process induced by electron scattering of non rel-
ativistic ions. This approach is well grounded for pos-
itively charged particles [33] while even the recent in-
clusion of nuclear scattering [35], which is dominant
for the dechanneling of negative particles, failed to ex-
tend quantitatively the same approach to this second
case. Despite all this, the usage of the dechanneling
length is justified by the practical use as a qualitative
characteristical lenght for channeling, which depends on
the crystalline material, thichkness and bending radius.
Thereby, extrapolating Ldech from experimental results
is of interest for channeling application. The main diffu-
culty on the theoretical description of electron dechan-
neling process is the frequent strong changes in the neg-
ative particle transverse motion that leads to a limited
applicability of a diffusion approach. These effects can
anyway be taken into account in Monte Carlo simu-
lations. For instance, the process of recapture under
the channeling conditions of a dechanneled particle, the
so-called rechanneling, was described well only using
Monte Carlo simulations [15]. However, in first approx-
imation the exponential character of dechanneling (Eq.
(4)) for negatively charged particles is maintained for
highly-bent crystals, as shown by different experiments
as well as Monte Carlo simulations [15,17,18,32], en-
suring its usage for our experimental cases (see Sec. 4).
The transverse energy, ǫ, of a charged particle mov-
ing in the field of bent crystal planes is
ǫ = Ueff (x) + pvθ
2
x/2, (5)
being x the transverse coordinate and θx = dx/dz the
incidence angle w.r.t. the atomic plane, where z is the
longitudinal coordinate. Since a particle cannot be cap-
tured under channeling mode if its transverse energy
ǫ exceeds the potential well height, the channeling ef-
ficiency strongly depends on the crystal alignment as
well as on the angular divergence of the incident beam.
On the other hand, if an over-barrier particle moves to-
wards the interplanar potential (as shown in Fig. 1),
it can be reflected by a potential barrier, i.e. it experi-
ences the so-called volume reflection. The typical angle
of such reflection α is comparable with the Lindhard
angle [39].
One can calculate the maximal angle for VR inte-
grating Eq. (5) by varying x from infinity to the reflec-
tion point xref (see Fig. 1) and vice versa. Moreover,
by using (2-3) one can write the volume reflection angle
[39,40] in a form independent of the beam energy:
α
θL
= E0
η
√
U0
xc(ǫ)∫
x0
[
1√
ǫ−U(x)−E0
η
x
− 1√
ǫ−U(xc(ǫ))−E0η x
]
dx,(6)
where η = R/Rcr. This equation should be averaged
on the transverse energy values, i.e. [U0,U0 + E0d0/η],
where d0 is the period of the interplanar potential U(x).
usTh one obtains:
<
α
θL
>=
η
E0d0
U0+
E0
η
d0∫
U0
α
θL
dǫ. (7)
Formulae (6-7) do not take into account multiple scat-
tering, though they provide a good estimate of the vol-
ume reflection peak position, as will be shown in Sec.
IV. Since formulae (6-7) hold for both positively and
negatively change particles, we will apply them for elec-
trons.
Apart from being volume reflected, an over-barrier
particle can lose its transverse energy while crossing the
crystal plane near the reflection point because of inco-
herent scattering with lattice atoms and consequently
be captured into the channeling mode (CH in Fig. 1).
This effect is called volume capture [10].
Summarizing, all the coherent effects mentioned above,
such as channeling and VR, are strongly dependent
4on the ratio between the initial transverse energy and
the planar potential well depth, which depends on the
bending radius, and hence on the incidence angle. In
Sec. 4, a detailed and quantitative investigation of this
dependence is presented, to obtain the optimal param-
eters of bent crystals for applications.
3 Bent crystal manufacturing and experimental
setup.
A sample holder prototype aimed to bend the crys-
tal with a remote controlled system was realized at
the INFN-LNL lab in Legnaro, Italy. This innovative
holder permitted to experimentally investigate impor-
tant bent crystal parameters for application, such as
the channeling and VR deflection angle and efficiency
and the dechanneling length as a function of the curva-
ture radius R, without manually re-bending the crystal.
This allows a smooth increase of the curvature, per-
forming it by numerical control, avoiding stress con-
centrations that causes the sample breaking during the
mounting procedures in a normal fixed curvature sam-
ple holder. The sample holder is also equipped with a
remotely controlled distortion correction system. If the
sample curvature is not perfect, the channeling angle
could vary along the beam dimension (torsion) causing
a detrimental effect on efficiency [41]. The correction
system is an additional degree of freedom allowing one
to vary the torsion when the sample is into the cham-
ber, to immediately check the effect on the efficiency.
Furthermore, this innovative holder permits to re-bent
the crystal without vacuum breaking, permitting a con-
siderable speed up of the data taking to access a more
extended set of data.
Fig. 2a shows the piezo motor step (grey) that trans-
lates a movable part (green) with respect to a fixed one
(brown). It can be done with 400 nm steps. Two plugs
are in-built in the two parts and translate one against
the other by actioning the step motor. The plugs (steel
cylinders) have two rabbets to secure the sample by a
special gluing procedure. The plugs can rotate freely in
brass holes and are supported by pins screws. When the
plug gets closer due to translation caused by the motor,
the sample is forced to bend (see Fig. 2b). To regulate
the torsion a fine movement is obtained by a never end-
ing piezo driven screw (yellow) that pushes a rotating
part (magenta) containing the plug hole. The angular
resolution is better than 1 µrad. The system was cali-
brated in order to know the primary curvature radius as
a function of the number of steps of the translator mo-
tor. The capability of the second motor to modify the
crystal torsion was verified by means of high-resolution
X-ray diffraction.
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Fig. 2 Piezo motor (a), dynamical holder (b) and bending of
a silicon crystal (c). The dashed arrow indicates the incoming
beam, impinging on the crystal mounted on a high-precision
goniometer (G). The solid-black arrow indicates particles de-
flected under the channeling mode, while the solid-white ar-
row corresponds to VR particles. The deflected beam im-
pinges on the LYSO Screen (D).
The 15 µm long Si and Ge crystals samples were se-
quentially mounted onto the dynamical bending holder;
the picture in Fig. 2b shows the Si sample mounted
on the holder. Such an ultralow length is essential for
our experiment, because it must not exceed too much
the dechanneling length as well as to reduce the multi-
ple scattering angle. A bending moment supported the
crystal at two opposite edges, leaving it free at the re-
maining edges. In this way, the crystal surface, which
is parallel to the (211) planes, was bent along the (111)
direction, obtaining a secondary bending of the (111)
planes due to the quasimosaic effect [42]. The advan-
tages of crystals exploiting the quasimosaic effect is
represented by the possibility to manufacture ultra thin
crystals large enough to completely intercept the beam.
In addition, due to the shape of the potential well, the
(111) bent planes (see Fig. 1) are the most efficient for
the deflection of negatively charged particles. The anti-
clastic effect could be a drawback of quasimosaic bent
crystals but in the case of the present data, the large
bending and small thickness guarantee a complete an-
ticlastic suppression as demonstrate in [43]. This was
checked by high resolution X-ray diffraction by mea-
suring the (111) orientation at different positions along
the y-axis. No anticlastic trend was evidenced with an
5exception of about 2mm close to the sample border. On
the other hand, a residual variation of the (111) plane
orientation of about ± 50 µrad inside the dimension
of the measuring X-ray beam (100 µm) was evidenced.
This is interpreted as a residual sample rippling induced
by imperfections caused by the glueing procedure.
An experiment was carried out in the Hall B of the
Mainzer Mikrotron (MAMI) with 855 MeV electrons.
The experimental setup is the same as in [44] with the
substitution of the Si microstrip detector to measure the
beam profile after the interaction with the crystal with
a LYSO Screen (see Fig. 2c). The screen has a thick-
ness of 200 µm and is inclined of 22.5 degrees toward the
camera in the perpendicular direction with respect to
the beam deflection plane and was placed downstream
the crystal of 6020 mm. The crystal holder was mounted
on a high-precision goniometer with 5 degrees of free-
dom. Translations along the x and y axes were used to
geometrically align the crystal with the beam direction,
while rotations around the x, y and z axes with an ac-
curacy of 17.5, 30, and 50 µrad respectively, were used
to achieve angular alignment of the crystal planes with
the electron beam. The entire experimental setup was
kept under vacuum to avoid multiple scattering of the
beam by air. The beam was focused through dedicated
quadrupole lenses: the resulting beam size and angular
divergence were 105 µm and 21 µrad along the vertical
direction, which is the crystal bending direction. The
beam divergence is smaller of the Lindard critical angle
for channeling, which is about 220 µrad at 855 MeV.
A schematic view of the experimental setup is shown
in Figure 2(c): it allows to characterize, with very high
precision, Si and Ge crystals in terms of both deflection
efficiency and dechanneling length.
4 Experimental results and analysis
By exploiting the dynamical bending holder, we tested
channeling and VR of 855 MeV electrons for 4 and 3
different curvatures in case of Si and Ge crystals, re-
spectively. For each bending radius, R, we measured
the distribution of the particles angles θx after the in-
teraction with the crystal vs. crystal-to-beam orienta-
tion, θcr, by rotating the goniometer around the ideal
alignment with bent (111) planes. As an example, the
experimental angular scan for the silicon crystal with a
deflection angle of θb = 315 µrad and the germanium
crystal of θb = 820 µrad are shown in Fig. 3. Fig. 4
shows the beam deflection distributions with Si and Ge
crystals oriented in channeling and in the middle of VR
region, for the angular position highlighted by dashed
lines in Fig. 3. These plots allow one to follow the transi-
tion between the main processes occurring while chang-
ing the crystal-to-beam orientation. In the angular dis-
tributions for channeling orientation (θcr = 0) the right
peak represents the channeling mode as well as the left
one is for the over-barrier particles. By decreasing θcr
to about the middle of the range [−θb + θL;−θL] one
sets up the VR orientation. At the latter, the right peak
represents volume captured particles. Finally, a crystal
alignment beyond this range suppresses all the coher-
ent effects, leading to the “amorphous” region where
multiple scattering dominates.
The crystal bending angle and alignment has been
measured experimentally and verified by computer sim-
ulations using the CRYSTAL simulation code [45,46].
This simulation code is developed for ab-initio Monte
Carlo simulations of charged particle trajectories in an
interplanar or interaxial potential in a crystalline medium
(either bent or not) with both multiple and single scat-
tering on nuclei and electrons. The method developed
by the code has already been tested vs. experimental
results in [11,12,13,15,47]. The perfect alignment with
bent planes, i.e., θcr = 0, was experimentally deter-
mined by the highest intensity of the channeling peak,
recorded during the angular scan. The channeling peak
position also provided the crystal bending angle, veri-
fied by CRYSTAL simulations. The Monte Carlo sim-
ulations permitted to take into account the incoming
angle distribution and sample rippling. The outcomes
of the CRYSTAL code are displayed in Figs. 3 and 4
for comparison with experimental measurements.
The analysis of the angular distributions was carried
out through a fitting procedure based on the one pre-
sented in Ref. [17,16]. The fitting function represents
the sum of the channeling part, described by gaussian:
dfch
dθX
= Ach
σch
√
2π
exp
(
−
(θX−θch)2
2σ2
ch
)
, (8)
the volume reflection part, containing also a non-reflected
overbarrier fraction and described by the sum of two
gaussians:
dfV R
dθX
= AV R
σV R
√
2π
exp
(
−
(θX−θV R)2
2σ2
V R
)
+
1−AV R
rσV R
√
2π
exp
(
−
(θX−θV R)2
2r2σ2V R
)
,
(9)
and the dechanneling part, being an exponential distri-
bution, convolved with the first gaussian in (9):
dfdech
dθX
= Adech2θdech exp
(
σ2V R
2θ2
dech
+ θch−θX
θdech
)
×(
erf
(
θVR−θX+
σ2
V R
θdech√
2σV R
)
− erf
(
θch−θX+
σ2
V R
θdech√
2σV R
))
.
(10)
The total fitting function can be written as:
1
N
dN
dθX
=
dfch
dθX
+BV R
dfV R
dθX
+
dfdech
dθX
. (11)
In (8-11) Ach, AV R, BV R, Adech and r are the nor-
malizing factors, θch, θV R and σch, σV R the mean angles
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Fig. 3 Experimental (a,c) and simulated (b,d) angular scans. Deflection angle vs. the crystal-to-beam orientation of Si (a,b)
and Ge (c,d) crystals, bent at 315 µrad and 820 µrad respectively.
and the standard deviations of corresponding gaussians
respectively as well as θdech the “dechanneling angle”,
defining the dechanneling length, found from the an-
gular distribution, as Ldech = Rθdech. The channeling
efficiency is defined as the integral value of the gaussian
fit of the channeling peak (8), within ±3σch around the
channeling peak, namely ηch ≈ 0.9973Ach.
The fit procedure was carried out in two steps. First,
Eq. (9) was applied for the fit of the angular distribu-
tion of the crystal, aligned in amorphous direction. The
values AV R and r, extracted in the first step were used
in the fit (11) [17,16].
The main difference with the fitting procedure from
[17,16] are the coefficients Ach, BV R, Adech, treated
independently. Though the increase of the free param-
eters number reduces the accuracy, it is necessary in
this case for a correct description of initially overbar-
rier particles, as will be explained later in the text.
In order to provide the most accurate simulation
results as possible, the simulated channeling efficiency
values were directly computed by using the CRYSTAL
simulation code through the calculation of channeled
(under-barrier) particles population. The deflection ef-
ficiency obtained through the fitting of simulated beam
profiles is nearly the same calculated directly counting
the number of under-barrier particles for R/Rcr < 20,
determining the goodness of the fitting procedure (8-
11) to estimate the deflection efficiency. The limitation
of this procedure in the range R/Rcr > 20 is con-
nected with the overlap of the channeling and over-
barrier peaks in the deflected beam profile for too high
bending radii as explained later in the text.
The experimental results were critically compared
to CRYSTAL simulations, highlighting a good agree-
ment between them. The dependence of the channeling
deflection efficiency on the ratio R/Rcr is shown in Fig.
5 for both experimental and simulation results. The
errors on the experimental efficiencies are due to the
fitting error with an additional uncertainty connected
with the normalization procedure. On the other hand,
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Fig. 4 Experimental (solid) and simulated (dashed) distributions of deflected beam by Si (a,b) and Ge (c,d) crystals, bent
at 315 µrad and 820 µrad respectively, for channeling (a,c) and volume reflection (b,d) crystal alignment. Experimental values
represent the projection of the beam spot collected by the screen along the vertical direction (y) of bending.
the x-error of simulated results is connected with the
uncertainty of the crystal length, while the small y-error
is due to statistics. Table 1 displays all values of the
curvature radii, bending angles, θb, and channeling ef-
ficiency used in the experiment; Table 2 represents the
same results obtained with simulations. As expected,
the dependence of channeling efficiency is monotonic
[48], since the potential well depth decreases while R
becomes smaller.
The experimental results highlighted a channeling
efficiency larger than 35 % for silicon in agreement with
simulations. Through the fitting procedure (8-11) it was
not possible to extract the dechanneling length for sil-
icon in the case R/Rc > 20, while the channeling effi-
ciency values was found with very large errors as ex-
plained later in the text. The experimental error is
rather high for the curvature of θb = 315 µrad, be-
cause channeling and volume reflection peaks are very
close, and it is difficult to distinguish the channeling
fraction. By this reason, the angular distance between
the channeling and volume reflection peaks is the main
restriction of the fit (8-11). Nevertheless, it is clear from
Fig. 4 upper left that high-efficiencies as those in this
paper have never been achieved so far for electrons.
On the other hand, channeling efficiency for germa-
nium achieves 8 % at the lowest experimental bending
angle. This is indeed the first evidence of negative beam
deflection via channeling in a bent Ge crystal.
Although, channeling efficiency for germanium is
much lower than for silicon, this effect should not be at-
tributed to the quality of the crystal, because both ger-
manium and silicon crystals were manufactured through
the same procedures leading to high performance of
both crystals at much higher energy [28,29,30]. The
only reason for such a difference owes to the influence of
Coulomb scattering, which is about 2.2 times stronger
for Ge than for Si. Indeed, this angle can be roughly
estimated by multiple scattering formula [49]:
θsc =
13.6MeV
pv
√
lcr/Xrad[1+0.038 ln(lcr/Xrad)], (12)
whereXrad is the radiation length, lcr the crystal length
along the beam direction. By substituting the crystal
parameters into (12), one obtains the estimated mul-
tiple scattering angles for silicon and germanium crys-
tals, being 130 µrad and 290 µrad, respectively. While
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Fig. 5 The experimental and simulated depedences of chan-
neling efficiency of Si and Ge crystals at optimal channeling
orientation on the ratio of the bending radius to its critical
value.
the first value is 1.8 less than the Lindhard angle, the
second one is of the same order. This fact explains our
choice of ultra-thin crystals (15 µm), otherwise multiple
scattering would cover all the coherent effects, leading
to the impossibility to measure neither channeling or
VR.
To complete the analysis on channeling, one should
evaluate the main parameter that determines the steer-
ing capability of a crystal through the dechanneling
length. Such parameter has been extracted by using the
fit (8-11) of both experimental and simulated deflection
distributions. The dependences of extracted dechannel-
ing length on the ratio of bending radius and critical
radius for both silicon and germanium are shown in
Fig. 6. The corresponding experimental and simulation
values are listed in Table 3.
As for channeling efficiency, the measured dechan-
neling length depends monotonically on the crystal ra-
dius in agreement with simulations. The silicon dechan-
neling length is comparable with the length of the crys-
tal, while for germanium being at least 1.5–3 times
less. This fact explains the difference in channeling ef-
ficiency between the two materials, being due to the
Table 1 Measured Si and Ge crystal bending radia, angles
and channeling efficiency
Material θb (µrad)
R
Rcr
θV R (µrad) ηch
Si 315 29.9 224 0.40 ± 0.08
Si 550 17.1 204 0.248 ± 0.016
Si 750 12.6 194 0.206 ± 0.013
Si 1080 8.72 183 0.165 ± 0.010
Ge 820 18.3 172 0.084 ± 0.017
Ge 1200 12.5 165 0.036 ± 0.007
Ge 1430 10.4 162 0.019 ± 0.004
Si, simulation
Si, experiment
Ge, simulation
Ge, experiment
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Fig. 6 The experimental and simulated dependence of the
dechanneling length on the ratio of the bending radius to its
critical value at ideal channeling orientation. The dechannel-
ing length for the first silicon curvature of θb = 315 µrad,
was not extracted because channeling and volume reflection
peaks were too close, thus making the fit (8-11) practically
inapplicable.
different multiple scattering contribution for different
atomic number Z.
The present data demonstrate that negative parti-
cles steering efficiency is mainly regulated by dechan-
neling length and not by the channeling well depth that
would have benefit Germanium. It is worth to note that
this is a peculiar feature of negative particles since for
positive ones, the influence of the potential well depth
dominates the dechanneling process, and once Ge and
Si efficiency for short crystal are compared, Ge perfor-
mances prevail on Si [28,29,30]. This insight into the
channeling performances by changing the atomic num-
ber suggests that low scattering materials such as dia-
mond could be an interesting candidate to be investi-
gated to improve the steering efficiency.
Given the good agreement between experiments and
simulations, we may exploit the latter to investigate
deeply the dechanneling process. In particular, one may
separate the different contributions on the dechannel-
ing distribution (10), between the VR and channeling
Table 2 Simulated Si and Ge crystal bending radia, angles
and channeling efficiency
Material θb (µrad)
R
Rcr
θVR (µrad) ηch
Si 315 29.9 235 0.3818 ± 0.0004
Si 550 17.1 203 0.3000 ± 0.0004
Si 750 12.6 190 0.2519 ± 0.0003
Si 1080 8.72 182 0.1907 ± 0.0003
Ge 820 18.3 178 0.0909 ± 0.0002
Ge 1200 12.5 161 0.0468 ± 0.0002
Ge 1430 10.4 156 0.0320 ± 0.0002
9Si, simulation
-500 0 500 1000
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
0.0012
0.0014
ΘX HmradL
1
N
dN
d
Θ
X
Hm
ra
d-
1 L
a Ge, simulation
-1000 -500 0 500 1000 1500
0.0000
0.0002
0.0004
0.0006
0.0008
0.0010
ΘX HmradL
1
N
dN
d
Θ
X
Hm
ra
d-
1 L
Total
channeling
dechanneling+rechanneling
dechanneling+rechanneling+
captured overbarrier
VRoverbarrier
captured overbarrier
twice captured overbarrier
b
Fig. 7 Simulated distributions of deflected beam by Si (left) and Ge (right) crystals, bent at 750 µrad and 1200 µrad
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Fig. 9 Exponential fit of the depedence of the channeling
efficiency in the penetration depth in Si and Ge crystals with
the same parameters as in Fig. 7 and the same dependences
without the overbarrier particles, captured under and escaped
the channeling mode.
peaks. In fact, already in [15] it was demonstrated that
the rechanneling process (capture under channeling of
dechanneled particles, see section 2) may have a strong
influence on the dechanneling length. Here we inves-
tigate also the contribution of overbarrier particles to
the dechanneling distribution. Fig. 7 displays different
fractions in the angular distributions obtained directly
from simulations (solid), namely channeling, dechan-
neling with taking into account rechanneling as well as
the volume reflection/overbarrier fraction for both sili-
con (a) and germanium (b). For comparison the same
fractions were extracted from the angular distributions
by using the fit (8-11) (dashed).
Fig. 7 highlights a contribution of initially overbar-
rier particles, that can be captured and dechanneled
from the channeling mode several times (marked in Fig.
7 as rechanneled ovebarrier). In a bent crystal, the con-
tribution of overbarrier particle cannot be eliminated,
even considering a parallel beam. Indeed, due to the
asymmetry in the potential barrier introduced by the
bending, particles approaching with zero transverse ki-
netic energy to the right potential barrier are reflected
Table 3 Experimental (Ldech Exp) and simulated (both
from distribution (Ldech Sim) and directly from the de-
pendence of channeling efficiency on the penetration depth
(Ldech DSim) as well as from the same dependence exclud-
ing overbarrier particles captured under the channeling mode
and then dechanneled (L′dech DSim) Si and Ge dechanneling
lengths. All dechanneling lengths are measured in µm.
R
Rcr
Ldech Exp Ldech Sim Ldech DSim L
′
dech DSim
Si 17.1 17.7 ± 3.0 16.4 ± 2.1 18.96 ± 0.05 21.14 ± 0.10
Si 12.6 14.0 ± 2.2 15.6 ± 1.4 16.48 ± 0.05 18.05 ± 0.07
Si 8.72 10.1 ± 1.0 12.2 ± 0.9 13.62 ± 0.05 14.73 ± 0.06
Ge 18.3 9± 5 10 ± 2 7.97 ± 0.07 8.95± 0.26
Ge 12.5 7.3 ± 1.2 7.1± 0.5 6.02 ± 0.03 6.46± 0.11
Ge 10.4 5.9 ± 1.5 6.1± 0.4 5.29 ± 0.03 5.58± 0.09
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Fig. 10 Theoretical, experimental and simulated dependence of the maximal value of volume reflection peak position w.r.t.
the Lindhard angle on the bending radius w.r.t. its critical value for both Si and Ge (111) bent crystals.
to the left, gaining a non-zero transverse kinetic energy.
A sketch of initially overbarrier particles is depicted in
Fig. 8; such particles follow the bent crystal planes and
can be deflected to a considerable angle.
The solid black line in Fig. 7 represents the contribu-
tion of dechanneled and rechanneled particles with the
contribution of captured overbarrier particles. If com-
pared with the dotted solid black line, representing the
result of the fit (8-11), it is clear that from the experi-
mental deflection distribution is not possible to extract
a dechanneling length correspondent to only initially
channeled particles. By this reason the fit [17,16] was
modified to (8-11).
To highlight deeply the contribution of captured
overbarrier particles, channeling efficiency was also sim-
ulated in a dependence on the penetration depth z, tak-
ing (solid) and not taking (dashed) into account this
contribution for both Si (red) and Ge (blue) crystals as
shown in Fig. (Fig. 9). By using an exponential fit (4)
the values of dechanneling length were extracted (see
Table 3, Ldech DSim and L
′
dech DSim, for the cases with
and without captured overbarriers, respectively). The
values Ldech DSim differ from the extracted ones from
experimental and simulated angular distributions, no
more than on ∼ 1–2 µm, lying usually within the frame
of the error.
On the contrary, the simulated dechanneling length
without the contribution of captured overbarrier parti-
cles, L′dech DSim, (see Table 3), exceed Ldech DSim by
5–10%. In other words, the initially overbarrier parti-
cles decrease the total dechanneling length by several
percent because can usually be captured slightly below
the potential well barrier, as shown in Fig. 8. Since these
large amplitute particles dechannel faster, the dechan-
neling length of these particles is lower than for the
stable ones. Consequently, the capture of initially over-
barrier particles reduce the total measured dechannel-
ing length. Furthermore, even if these values were ob-
tained in the same way as Ldech DSim, the depedence
of L′dech DSim on the penetration depth evidently dif-
fer from the exponent function. Indeed, one has to re-
member that the dechanneling of negative particles is
mainly due to strong scattering with nuclei that has an
intrinsic non-slow diffusive nature [35].
The relative difference between L′dech DSim and
Ldech DSim increases with crystal radius rise. This is
explained by decreasing of the difference E0d0/η (η =
R/Rc, see section 2) between the right and left po-
tential barriers. Consequently such overbarrier particles
are closer to the potential boundary. This means that
such particles will remain near the potential barrier for
a longer distance due to low transverse velocities, hav-
ing the influence on the total dechannelling length also
for a longer distance at higher radius values. Therefore,
initially ovebarrier particles, captured under channeling
mode and then dechanneled, can make a several percent
contribution into dechanneling length value.
Finally, we also investigated the other mechanism of
beam deflection, i.e., the VR. In particular we studied
VR deflection angle vs. the curvature radius, while com-
paring to the maximal angle expected from the theory
(6-7).
In order to verify the theoretical dependence of the
maximal angle of VR on R (see Eqs. 6-7), we used
the experimental and simulated values for the modules
of a maximal VR angle (determined by gaussian fit)
comparing them in Fig. 10. For channeling deflection
angle, the agreement between theory and both exper-
imental and simulated results is very good for silicon,
while being worse for germanium. This fact is explained
again by the contribution of multiple scattering of non-
volume reflected particles, allocated around 0 angle (see
Figs. 3,4), that shifts the volume reflection peak center
towards 0 on the angular distribution. Multiple scatter-
ing has a much stronger influence for germanium, for
which its r.m.s. angle is 2.2 times higher than for silicon.
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By this reason the measured maximum VR for silicon of
235 µrad is about θL angle for silicon (in agreement with
previous experiments [15,18]), while it is only 0.6θL for
germanium, being equal to 178 µrad.
5 Conclusions
An experiment on beam steering of 855 MeV electrons
by using 15 µm bent silicon and germanium crystals has
been carried out at the Mainzer Mikrotron. Through
the exploitation of an innovative piezo-actuated me-
chanical bender, it was possible to test planar channel-
ing and volume reflection for several radii of curvature.
Experimental results, in agreement with Monte Carlo
simulation, demonstrated that maximum channeling ef-
ficiency were about 40% and 8 % for silicon and ger-
manium, respectively. The difference between these two
materials has to be ascribed to the higher atomic num-
ber Z for Ge, which results in a higher Coulomb scat-
tering contribution, causing stronger dechanneling. In-
deed, we also measured the main parameter of planar
channeling, i.e., the dechanneling length, which resulted
to be close to the crystal length for Si, but 2 times
shorter for the Ge crystal at the largest bending ra-
dius. In particular, the usage of a Si crystal with the
length comparable to the dechanneling length permit-
ted an unprecedented level of steering efficiency for an
electron beam.
On the other hand, it is important to remark that
any measurements of a negatively charged beam steer-
ing in a germanium bent crystal at the energies lower
than hundreds of GeV have never been done before,
due to the lack of properly designed crystals, i.e. with a
length of the order of the dechanneling length. There-
fore, the evidence of beam steering of sub-GeV electrons
in a Ge crystal was demonstrated for the first time.
We also highlighted the influence of initially non-
channeled particles on the dechanneling processes, which
causes a reduction of the dechanneling length in case
the crystal thicknesses are comparable with the dechan-
neling length.
Finally, we investigated dependence of the ratio be-
tween the volume reflection angle and the Lindard an-
gle vs. the R/Rc (see Eq. (6-7)), demonstrating that
it does not depend on the energy, being very useful to
make prediction at different energies.
The presented results, in particular the studies of
beam efficiency and dechanneling length vs. the crystal
curvature and atomic number, are of interest for appli-
cation, such as generation of e.m. radiation in higher
Z-materials bent and periodically bent crystals. Given
the good agreement with Monte Carlo simulation, one
may also think to apply the presented approach to ex-
trapolate information on charged particle steering at
higher energies, for instance to investigate the possibil-
ity of crystal-based collimation/extraction at current
and future electrons accelerators.
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